Hepatocellular carcinoma (HCC) is a common cancer worldwide and develops against a background of chronic liver damage. A variety of HCC-related genes are known to be altered by genetic and epigenetic mechanisms. Therefore, information regarding alteration of the genetic and epigenetic profiles in HCC is essential for understanding the biology of this type of tumor. Methylation at CpG sites in gene promoters is known to affect the transcription of the corresponding genes. Abnormal regional hypermethylation is observed in the 5′ region of several tumor suppressor genes (TSGs) in HCC, and this hypermethylation may promote carcinogenesis through the transcriptional inactivation of downstream TSGs. The DNA damage induced by oxidation is a trigger of abnormal DNA methylation and inactivation of TSGs through recruitment of the polycomb repressive complex to the promoter sequence. Thus, oxidative stress may be responsible for the emergence of HCC from chronic hepatitis and liver cirrhosis through the epigenetic alteration of TSGs. There have been several attempts to apply epigenetic information to the diagnosis and treatment of HCC. The predictive value of selected methylation events on survival in HCC patients has been reported, and the methylation profile of background liver could be associated with recurrence-free survival of HCC patients who have undergone hepatectomy. Another study detected methylated DNA from HCC cells in serum, and the circulating tumor DNA was regarded as a potential tumor marker. In addition, several trials of HCC therapy have targeted the epigenetic machinery and were based upon comprehensive analyses of DNA methylation of this type of tumor. Here, we present an overview of research regarding DNA methylation status in human HCC and describe the clinical application of epigenetic information to HCC.
Introduction
The methylation status at CpG sites in gene promoters, which are generally located within CpG islands, is closely associated with transcription of the corresponding genes. In cancerous tissues, abnormal regional hypermethylation observed in the 5′ region of several tumor suppressor genes (TSGs) is thought to promote carcinogenesis through the transcriptional inactivation of downstream TSGs. On the other hand, global DNA hypomethylation is another characteristic of cancer and is thought to induce activation of transposons, oncogenes, and chromosomal alterations, thereby contributing to carcinogenesis [1, 2] .
In human hepatocellular carcinoma (HCC), a variety of TSGs have shown abnormal hypermethylation in their promoter regions and down-regulation of their transcripts, suggesting the potential role of inactivation of these TSGs in hepatocarcinogenesis [3] . A relationship between the extent of abnormal chromosomal regions and the degree of DNA hypomethylation at repetitive DNA sequences has also been reported. This evidence supports the idea that global DNA hypomethylation could induce chromosomal instability and contribute to hepatocarcinogenesis [4] . Results from another study involving human HCC samples revealed an association between down-regulation of microRNA (miR) and abnormal methylation of the host gene [5] . This review gives a synopsis of comprehensive analyses of DNA methylation in human HCC and further focuses on the clinical application of epigenetic information, such as alteration of the histone code or DNA methylations in HCC.
Origin of Epigenetic Alteration in Human HCC
Although the methylation levels in TSG promoters are much higher in HCC than in noncancerous liver, abnormal methylation has also been observed in the promoters of TSGs in non-cancerous liver of HCC patients. Additionally, several studies have confirmed that the methylation levels of non-cancerous liver show a progression from chronic hepatitis to liver cirrhosis, in parallel with the increase in risk for the development of HCC. Viral infection, chronic inflammation, and oxidative stress can induce abnormal DNA methylation in affected hepatocytes. Thus, chronic hepatitis and liver cirrhosis may be the background conditions that lead to HCC emergence via abnormal methylation patterns that result in transcriptional inactivation of TSGs.
Several studies have reported a mechanistic link between epigenetic instability and the oxidative stress induced by inflammation. HCC cells are known to frequently carry abnormally methylated E-cadherin genes. Lim et al. reported that reactive oxygen species (ROS) could induce the expression of Snail, a repressive transcription factor of E-cadherin, through activation of the PI3K-Akt pathway and induce hypermethylation of the E-cadherin promoter by recruiting histone deacetylase 1 (HDAC1) and DNA methyltransferase 1 (DNMT1) [6] . They also showed a correlation between ROS induction, E-cadherin down-regulation, Snail up-regulation, and the E-cadherin promoter methylation in HCC tissues.
O'Hagan et al. demonstrated that inducing cellular oxidative stress in a colorectal cancer cell line using hydrogen peroxide (H 2 O 2 ) treatment recruits DNMT1 to damaged chromatin and causes relocalization of DNMTs and other members of the polycomb repressive complex 4 from non-GC-rich to GC-rich areas [7] . They also showed an increase in repressive histone modification, such as the trimethylation of lysine 27 of histone H3 (H3K27), and a decrease in active histone modification, such as the trimethylation of H3K4 and the acetylation of H4K16, on DNA sites showing oxidative damage. Using an HCC cell line and fetal liver cells, we also demonstrated that H 2 O 2 treatment increases oxidative DNA damage on the promoters of multiple cancer-related genes that are known to show abnormal DNA methylation in many types of cancers. We confirmed that H 2 O 2 treatment alters histone modifications on these promoters from active to repressive patterns predominantly at damaged DNA sites [8] .
Furthermore, using mice with humanized livers, Okamoto et al. reported that hepatitis B virus (HBV) or hepatitis C virus (HCV) infection could induce genome-wide, time-dependent changes in DNA methylation. Inhibition of natural killer cells or administration of neutralizing antibody of interferon-γ could inhibit methylation changes in the infected mice [9] . These results strongly support the idea that chronic inflammation and viral infection can cause a disturbance in DNA methylation status through the immune response as well as by the induction of ROS.
Increasing evidence suggests that non-alcoholic fatty liver disease (NAFLD) may be a risk factor for the emergence of HCC, and oxidative stress is believed to be a causal factor in NAFLD progression. From this observation, more methylation changes are likely to accumulate in the liver of patients with advanced NAFLD than in those with mild NAFLD. A recent report described many differently methylated CpGs between liver samples from patients with advanced and mild NAFLD, suggesting that epigenetic alteration also plays a role in NAFLDrelated HCC emergence [10] . In that study, methylation levels were compared between mild and advanced NAFLD for more than 450,000 CpG sites, and about 70,000 CpG sites revealed methylation differences. Methylation correlated with gene transcript levels for 7% of differentially methylated CpG sites, indicating that these methylations affect expression of the corresponding genes. Tissue repair genes were hypomethylated and overexpressed, whereas genes in certain metabolic pathways were hypermethylated and underexpressed in advanced NAFLD [10] .
Methylation Events Drive Hepatocarcinogenesis
Alteration of DNA methylation takes place in various promoters, gene bodies, intragenic regions, and repetitive DNA sequences. However, the importance of individual methylation changes to carcinogenesis is mostly unknown. Gao et al. determined and classified the pattern of methylation progression in 6,458 CpG sites in normal liver, non-cancerous liver of HCC patients, and HCC tissues. Some methylation events were observed in HCC tissues but were not found in non-cancerous liver and normal liver [11] , suggesting the importance of this type of methylation in hepatocarcinogenesis. To determine the methylation events that might contribute to the emergence of HCC, we analyzed the methylation profiles of early HCC (eHCC), which is defined as HCC with hypovascular tumors < 2 cm, and compared them with those of non-cancerous liver and progressive HCC.
We also successfully classified methylation events into three patterns: methylation events showing prominent differences between non-cancerous liver and eHCC, methylation events showing gradual increase according to tumor progression, and methylation that could be detected in advanced tumors only [12] . It is noteworthy that the elevated levels of methylation detected in eHCC were also observed in non-cancerous liver, although the levels were much lower than those in HCC tissue [13] . Interestingly, the number of methylated TSGs in livers infected with chronic hepatitis C was significantly associated with the time taken for HCC to occur in patients with no history of HCC [12] .
Therefore, we concluded that these methylation events might act as a driver that could accelerate hepatocarcinogenesis. On the other hand, although a number of methylation events were observed in advanced HCC, the majority of them were quantitatively low level and might be "passive" methylation events that emerge as a consequence of carcinogenesis, rather than being the drivers of carcinogenesis. In addition, we observed methylation events in normal livers among the elderly [13] . It is conceivable that ROS induced by normal metabolic processes might cause abnormal DNA methylation in hepatocytes in an age-dependent manner, thereby promoting HCC emergence in livers without severe fibrosis. Recently, HCC has been observed in livers without advanced fibrosis, especially in elderly patients. This evidence also supports the idea that methylation events that are responsible for hepatocarcinogenesis exist in normal livers among the elderly as well as in livers infected with chronic hepatitis.
Differently Methylated Regions between HCC and Background Liver
As described above, in normal cells, the cytosine of CpG sites within TSG promoters and CpG-rich regions are generally unmethylated, whereas in other DNA regions, such as repetitive DNA sequences, these sites are densely methylated. However, TSG promoters showed regional hypermethylation in cancer cells. Irizarry et al. showed that, in colon cancer, most cancer related-alterations of DNA methylation did not take place in CpG islands, but in sequences up to 2 kb away; such regions were termed "CpG island shores" [14] . It was also reported that regions showing different methylation patterns between cancer and normal epithelial cells [cancer-specific differentially methylated regions (C-DMRs)] showed considerable overlap with those showing different methylation patterns among different tissues [tissue-specific differentially methylated regions]. Therefore, it is possible that the majority of methylation alterations found in cancer occur at CpG sites where epigenetic changes take place during tissue differentiation, and that some epigenetic alterations found in cancer might cause stem cell-like phenotypes, such as pluripotency. On the other hand, Ammerpohl et al. reported that several genes that showed abnormal methylation in human HCC were the targets of polycomb repressive complex 2 in embryonic stem cells [15, 16] . Polycomband trithorax-group proteins are known to participate in the modulation of histones and the alteration of gene expression patterns during cell differentiation [1] . Given that repressive histone modulation is associated with methylation of the corresponding genes, some methylation events could induce undifferentiated phenotypes through the transcriptional inactivation of genes necessary for cell differentiation.
Methylation Profile in HCC
Several studies have reported comprehensive analyses of the DNA methylation profile of HCC (table 1) . A recent study analyzed more than 450,000 CpG sites and showed the methylation profile of HCC throughout the whole genome. According to the report, 60.1% of the CpGs that had undergone hypermethylation in HCC were located in CpG islands, 21.6% were in CpG shores, and 3.6% were in CpG shelves, which is defined as the region just outside CpG shores [17] . In contrast, the majority of hypomethylated CpGs in HCC were located away from CpG islands. Another group also reported that hypermethylated CpGs were mainly distributed close to transcription start sites, and the majority of hypomethylated CpGs were observed within 3′ regions of genes and intragenic regions [18] .
Additionally, although hypomethylated CpGs were observed more frequently than hypermethylated TSGs were, the C-DMRs of HCC were observed more frequently in hypermethylated than in hypomethylated regions [17] . Because regional alteration of methylation may affect gene transcription more strongly than alteration of individual CpG methylation does, DNA hypermethylation may play a role in HCC emergence predominantly through the transcriptional inactivation of TSGs; however, DNA hypomethylation may contribute to car- cinogenesis by additional mechanisms, such as induction of chromosomal instability. We also reported that the global DNA hypomethylation level was closely associated with the extent of the altered chromosomal region, and this association was independent of the tumor stage [4] .
DNA Methylation and Etiology of HCC
Results from a previous study identified several methylation events that were associated with the etiology of HCC and background liver status: 75 CpGs showed differences in methylation patterns between livers of males and females, methylation at 228 CpGs was associated with HCV infection, and methylation at 17,207 CpGs showed different levels between cirrhotic and non-cirrhotic livers [17] . Among the 228 CpGs associated with HCV infection, methylation events at 56 CpGs also showed association with the presence of liver cirrhosis. The considerable overlap of HCV-associated and cirrhosis-associated methylation events suggested that HCC may be more commonly observed in livers that are infected with HCV and are cirrhotic. Additionally, methylation of TSG promoters was more prevalent in liver cirrhosis than in chronic hepatitis [11] , and the methylation status of TSG promoters in background liver reflected the methylation profile of matched HCC tissues [19] . For example, HCV-related HCC, which frequently arises from cirrhotic liver, is known to carry many methylated TSGs, and methylation of TSG promoters is more prominent in HCV-positive than in HCV-negative liver tissues [13] . Therefore, it is possible that the duration of inflammation is related to the progression of liver fibrosis and to TSG methylation, which is more common in chronic hepatitis C.
Other studies analyzed the alteration of cancer-related pathways that might be affected by methylation-associated inactivation of TSGs. Shen et al. classified genes showing abnormal methylation and reported several pathways that involved genes showing increased or decreased methylation, such as G-protein, endothelin, PI3-K, interleukin, inflammatory cytokines, and insulin/growth factor signaling pathways [5] . Tao et al. analyzed DNA methylation in single isolated HCC cells, thereby eliminating the noise caused by the methylation of nonparenchymal cells, and reported that DNA methylation could lead to abnormal cellular function in gap junctions, calcium signaling, cell adhesion, and apoptosis [20] . However, because a variety of genes showed abnormal methylation in HCC, it was difficult to evaluate which methylation events might be responsible for carcinogenesis.
Newly Discovered TSGs Showed Abnormal Methylation and Transcriptional Inactivation
As described above, it is sometimes difficult to tell "driver" methylation events for HCC from "passive" methylation events that are merely consequences of carcinogenesis. Therefore, the effects of each methylation event need to be confirmed. A recent study isolated HBVrelated HCC cells from cancerous tissues and performed comprehensive methylation analyses. Seven new genes were identified with abnormal methylation in HCC: WNK2, EMILIN2, TRIM58, GRASP, TM6SF1, HIST1H4F, and TLX3 [20] . After treatment of these cancer cells with DNMT inhibitors, transcriptional reactivation was induced in these genes, suggesting that they were inactivated in HCC as a result of abnormal methylation. Gao et al. identified seven hypermethylated genes in HCC: miR-219, MMP-14, RASSF1A, TBX4, GNA14, CDKN2A, and CCNA1. They also confirmed re-expression by a pharmacological unmasking method in which an HCC cell line was treated with DNMT inhibitor 5-aza-deoxycytosine [11] .
Neumann et al. conducted a study that involved the combination of comprehensive methylation and expression analyses before and after pharmacological unmasking. They determined the comprehensive methylation profile, chromosomal status, and epigenetically silenced genes of human HCC using HumanMethylation450 BeadArray (Illumina), array comparative genomic hybridization, and pharmacological unmasking expression array analysis. They reported three candidate TSGs (PER3, PROZ, and IGFALS) that showed abnormal methylation in HCC, loss of corresponding chromosomal regions, and re-expression after pharmacological unmasking [16] . Among these candidate TSGs, the functions of PER3 and IGFALS have already been reported, and they were shown to be potential TSGs of HCC [21] . Matsumura et al. also performed CpG island microarray analysis accompanied with pharmacological unmasking and reported MZB1 as a new TSG of HCC [22] ; the down-regulation of MZB1 was reportedly associated with survival of HCC patients. Revill et al. performed promoter methylation profiles using HumanMethylation27 BeadChip and expression array analysis combined with pharmacological unmasking and found 13 candidate TSGs [23] . That study showed that transfection of SMPD3 and NEFH led to growth inhibition in HCC cell lines, and knockdown of these genes by small interfering RNA induced tumor formation and invasiveness in nude mice, indicating that these were potential TSGs. The expression of SMPD3 was reportedly associated with recurrence-free survival after curative resection of HCC [23] .
The transcription of non-coding RNA, such as miR and long non-coding RNA, is also known to be regulated by DNA methylation. The role of miR in carcinogenesis is particularly well recognized. Coding regions of miR are generally located within the intron of host genes, and abnormal methylation of host genes leads to transcriptional inactivation of miR. Several DNA methylations are reportedly related to the down-regulation of the corresponding miR. Recently, comprehensive methylation analyses identified hypermethylation of miR host genes, and the role of inactivation of each miR on hepatocarcinogenesis was analyzed [5] . The abnormal methylation of host gene HOXB4 was shown to induce activation of the NF-κB signaling pathway through transcriptional inactivation of miR-10a [5] .
Epigenetic Information and Treatment of HCC
Because DNA methylation affects the phenotype mainly through expression of the corresponding genes, methylation profiles could reflect the biological characteristics of HCC if "passive methylation" could be eliminated appropriately. Several reports have shown the predictive value of selected methylation events on survival [19, 24] . The methylation profile of background liver may also be associated with the recurrence-free survival of HCC patients who undergo hepatectomy [25] . We also reported a prominent relationship between the number of methylated TSGs and the time to HCC occurrence by analyzing chronic hepatitis C patients without prior history of HCC [12] . Therefore, DNA methylation is crucial for HCC emergence and may be observed at high levels in livers infected with chronic hepatitis that have a high risk of hepatocarcinogenesis. Another study reported the presence of methylated DNA from HCC cells in serum and described the circulating tumor DNA as a potential tumor marker [26] .
Recent HCC therapy trials have targeted the epigenetic machinery based on the comprehensive analyses of DNA methylation profiles of this type of tumor. Several novel moleculartargeted drugs have been developed using specific cancer mutation profiles [27] . However, the mutation profile of HCC is heterogeneous [28] , and the frequencies of mutations in specific genes are relatively low. Therefore, it might be difficult to target individually altered genes for HCC therapy [3, 29] .
On the other hand, a variety of TSGs showed abnormal DNA methylation in HCC [3] and altered epigenetic codes, including abnormal DNA methylation, could be reversed by using DNMT or HDAC inhibitors. For example, DNMT inhibitors induce the expression of inactivated TSGs through removal of promoter methylation, resulting in enhanced antitumor action. Two examples of this type of drug, 5-azacytidine and 5-aza-2'-deoxycytidine (decitabine), have already been approved for treatment of myelodysplastic syndrome and acute myelocytic leukemia [30, 31] . However, DNMT inhibitors have proven insufficient for the treatment of solid tumors in contrast to their encouraging activity against hematological malignancies [32] . Several kinds of cancers exhibit overexpression of HDACs, and transcriptional inactivation of growth-inhibitory and apoptosis-related genes have been observed through the abnormal deacetylation of histone tails. Several clinical trials involving the use of HDAC inhibitors, such as vorinostat for treatment of cutaneous T cell lymphoma, are currently ongoing [33] .
Epigenetic therapy that modulates the epigenetic machinery could induce the alteration of cancer phenotypes through the rewriting of "abnormal" epigenetic codes; this would represent a distinctive type of therapy that is very different from conventional anti-cancer therapy. For example, cancer cells showing stem cell-like phenotypes are often resistant to conventional chemotherapy as well as to other molecular targeting agents [34] . However, rewriting the altered epigenetic code might induce differentiation in cancer cells, which could induce sensitivity to several types of chemotherapy. Additionally, because epigenetic therapy should be effective even after administration of the active agent has been discontinued, it could be effective in combination with other chemotherapeutic agents, either by administration at the beginning of, or before, the other chemotherapy. So far, no epigenetic therapy has proven effective against human HCC, although a recent report suggested the effectiveness of HDAC inhibitor panobinostat in a mouse xenograft model of HCC in combination with sorafenib [35] . Overexpression of HDAC has been reported in HCC [36] ; thus, modulation of the epigenetic machinery should prove a promising approach for treating this type of malignancy.
Conclusion
Understanding the alteration of genetic and epigenetic codes is essential to predict the biological behavior and effectiveness of cancer therapy, because both codes represent important bioinformation regarding cancer [2] . The genetic code determines protein structure and quality, whereas the epigenetic code determines the quantity of protein produced. However, normal cells may have epigenetic codes that have been altered as a result of different physiological processes. As a result, it is more difficult to narrow down cancer-specific alterations in DNA methylation than those in gene mutation. Nonetheless, recent technological advancements such as BeadArray technology and next-generation sequencers allow us to perform comprehensive genome-wide analyses from a tiny amount of DNA. Therefore, it is possible to target a larger number of small, early stage lesions for comprehensive analyses [37] . It is anticipated that rapid technological progress and understanding of the alteration of the genetic and epigenetic codes will provide essential information for developing novel diagnostic approaches and therapies for HCC in the near feature.
